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We report our recent results on comparative analysis of sensing properties for two-component nanodispersed oxide systems: 
SnO2-MetOx (Met=Ti, Zr, Hf, Y and La) and SnO2-noble metals (Pt, Pd, Rh). The sensor signals towards 20 ppm H2 as a 
function of temperature (50-550 ºC) and ambient humidity (0, 20, 50 and 80% RH at 25 ºC) were compared in the light of surface 
hydroxylation degree, estimated by FTIR and TGA. Poor selectivity of SnO2 doped with noble metals was found and explained 
by interaction of H2 and H2O with the same surface species (most probably surface oxygen). Rather good selectivity of blank 
SnO2 and SnO2-MetOx (especially doped with IVB elements) seems to be related with H2 interaction with surface hydroxyls,
which are supposed to be inactive for direct water chemisorption.
© 2009 Published by Elsevier Ltd.
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1. Introduction
It is known that poor selectivity of chemoresistive gas sensors impedes the development of cheap and reliable 
systems for outdoor gas monitoring. Up to now the main interferant – water – is still the most crucial and difficult 
problem to overcome for outdoor applications. Earlier, studying blank and Pd-doped SnO2, we have shown the role 
of surface OH groups for selective detection of H2 in air [1]. Here we use the same approach to study the effect of 
various additives (IIIB, IVB elements and noble metals) on selectivity of SnO2-based materials to H2 in the presence 
of water vapors in air.
2. Experimental
Blank SnO2 as well as SnO2 doped with TiO2, ZrO2, HfO2, Y2O3 and La2O3 were synthesized from following 
metalorganic precursors: tin(IV) hydroxide acetate (synthesized), titanium(IV) isopropoxide (Aldrich), 
zirconium(IV) acetate solution in dilute acetic acid (Aldrich), hafnium(IV) acetylacetonate (synthesized), 
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yttrium(III) acetate hydrate (Aldrich), lanthanum(III) acetate hydrate (Aldrich), respectively. Synthesis of the oxides 
in the form of colloidal suspensions was realized using precipitation method. All precursors were mixed with
Sn(OH)n(Ac)m dissolved in the glacial acetic acid. Ethyl acetate was used as stabilization reagent to prevent Ti (O-i-
Pr)4 from the premature hydrolysis. The corresponding quantities of H2O2 and NH3H2O were mixed under magnetic 
stirring and external cooling to produce transparent mixtures, which were heated up to form colloid suspension. The 
milky white colloids underwent decantation and centrifugation. The separated solids were washed three times with 
deionized water at 80 ºC and then were dried stepwise at 90, 200 and 300 ºC for 24 h. Water solutions of 
Pt(NH3)4(NO3)2, Pd(NH3)4(NO3)2 and Rh(H2O)(OH)3-y(NO3)y) (all from Aldrich) were used for wet impregnation of 
the calcined SnO2. After catalyst deposition the resulting powder again was annealed at 300 ºC for 24 h.
All materials were analyzed by means of conventional ex-situ techniques: TEM (Jeol JEM 1011), XRD (Siemens 
D5000) and FTIR (JASCO 680 Plus). The analyses were performed at 25 ºC (RT), applying standard procedures. 
TGA was carried out on SDT Q600 analyzer. About 0.05 g of the sample was placed in a ceramic crucible where the 
specimen underwent weight stabilization at RT in a flow of dry argon. Weight loss of the samples was measured 
while heating at constant rate of 10 ºC min-1 from RT up to 600 ºC.
The materials, mixed with organic vehicle, were deposited on Al2O3 microsubstrates (2.0×0.4×0.2 mm) with gap 
platinum electrodes (the gap is ~300 ȝm) and platinum heater. The deposited ink was dried at 70 ºC for 30 min, 
calcinated at 300 ºC for 10 min, and annealed at 700 ºC for 10 min. The freshly prepared sensors were stabilized in 
ambient air at 350 ºC for 120 h.
The fabricated sensors were placed in the stainless steel chamber and connected to Agilent 34401A and Agilent 
5751A instruments, used as digital multimeter and DC power supply, respectively. Gas mixtures, including 
humidified gases, were prepared using Environics Series 4000 Computerized Gas Mixing System and Environics 
Series 4000 software. The humidity in the gas mixtures together with gas temperature was monitored by thermo 
hygrometer, supplied by Practic NC (capacitive humidity sensor: ± 2% RH, the range – 0-99% RH).
Following gases were used to prepare the target gas mixtures: dry synthetic air (H2O, CxHy < 3 ppm), and 20 ppm 
of hydrogen in synthetic air of the same impurity levels. Distilled water was used in the Environics’ saturator to 
prepare humidified gas mixtures at RT (± 1 ºC).
After stabilization procedure under target gas atmosphere (10h at 350 ºC followed by 3 h at RT) resistance of the 
materials was recorded as a function of heater temperature (R(T)) separately in dry air, humid air, 20 ppm H2 in dry 
air and 20 ppm H2 in humid air (20, 50 and 80% RH). The temperature increased from RT up to 550 ºC at 
10 ºC/min. The results are given as sensor signal (S) against temperature (T), which was calculated as follows: 
S=R0(T)/Rg(T), where R0(T) and Rg(T) – the resistance measured in the background and target gas mixtures.
3. Results and discussion
The method used here allows one to obtain fine particles with narrow size distribution within 2-5 nm for blank 
SnO2 (denoted as SnO2 Ac) and 4-6 nm for SnO2-MetOx and SnO2 doped with noble metals (Fig. 1a). The main 
phase found by XRD for all materials is the cassiterite. Mean crystallite size, calculated using TOPAS 3.1 software,
amounts to 1.7 nm for SnO2 Ac and 1.8-2.6 for the rest of the materials. The compounds contain ca. 10 w% of the 
target element (Ti, Zr etc.) and less than 0.05 w% of impurities (e.g. Cl, S and Na), as was found by laser-spark 
element analysis.
Fig. 1. TEM image of SnO2-TiO2 (a), FTIR spectra (b) and TGA profiles (c) of the synthesized materials.
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Analysis of the IR bands related with stretching vibration of bridging OH groups (Fig. 1b) reveals that Sn 
substitution with IVB elements results in slightly higher hydroxylation degree (estimated as band integral between 
2400-3700 cm-1) and in gradual decrease of OH basicity with increase of element atomic number. Doping with IIIB 
elements leads to two- and threefold rise of the hydroxylation degree. In general, doping with IVB and IIIB elements 
increases broadening of the band and numerous constituent peaks become distinguishable, suggesting that bridging 
OH groups with different acidity appears on the surface. Noble metals also increase SnO2 hydroxylation degree: the 
highest value was found for SnO2-Pt and SnO2-Rh.
TGA profiles were analyzed regarding broad band between 200 and 550 ºC, assigned to desorption of surface OH 
groups (Fig. 1c). Linear slope of the low-temperature side of the peak allowed us to compare desorption rate and 
therefore chemical activity of surface OHs. Among SnO2-MetOx materials, the highest and the lowest activity of
OHs was found for SnO2-La2O3 and SnO2-ZrO2, respectively. The most pronounced positive effect on OH chemical 
activity was observed for bimetallic catalyst systems (e.g. Pd/Rh etc.): the desorption rate of surface OHs is higher 
by factor 10 compared with SnO2-MetOx.
Fig. 2. Signals to 20 ppm H2 as a function of T at 0, 20, 50 and 80% RH for SnO2 Ac (a), SnO2-TiO2 (b) and SnO2-Rh..
The plots of sensor signals towards 20 ppm H2 against temperature at different RH are shown in Fig. 2. In 
general, signals manifest one broad volcano-shaped band, centered in dry air between 300 and 350 ºC for mixed 
oxides, and between 120 and 220 ºC for SnO2 doped with noble metals. Among mixed oxides the highest signal in 
dry air manifests SnO2-La2O3, which also demonstrates the highest hydroxylation degree and the highest chemical 
activity of surface OH groups, as was found by FTIR and TGA. These facts together with temperature of signal 
maximum (TSmax), located close to the temperature of the highest desorption rate of chemisorbed water, suggest that 
surface hydroxyls play the principal role in the detection mechanism for these materials.
In the case noble metals the highest signal value (exceeding that of SnO2-La2O3 by ca. 2.5 times) was found for 
SnO2-Rh and SnO2 Pt/Rh. However, their hydroxylation degree is remarkably lower than that of SnO2-La2O3.
Moreover, only one of three materials, manifesting the highest desorption rate of surface hydroxyls, demonstrates 
the highest signal towards H2 in dry air. In addition, TSmax for the systems with noble metals is remarkably lower, 
than the temperature of the maximum desorption rate of surface OH groups (the difference is more than 100 ºC). All 
these facts indicate that surface hydroxyls play minor role in the sensing mechanism in the presence of noble metals.
Fig. 3. (a, b) Variation of Smax and TSmax with RH for SnO2 Ac and SnO2-MetOx; (c) Variation of Smax with RH for SnO2 doped with noble metals.
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Now let us consider the selectivity of the materials towards H2 in the presence of water vapors. The changes,
appearing in the presence of water in the gas phase, can be estimated by the change of two parameters: temperature 
of sensor signal maximum (TSmax) and signal maximum (Smax). It is clear, that the higher change of the parameters 
upon water increasing concentration is, the poorer selectivity is.
The common trend for all materials is that water vapors bring about shift of TSmax towards higher temperatures 
(Fig. 3). For blank SnO2 and SnO2-MetOx the shift does not exceed 100 ºC. Among the materials, doped with noble 
metals, the highest shift was observed for SnO2-Pd (190 ºC) and the lowest for SnO2-Pt (ca. 50 ºC, note the lowest 
signal as well). However, the most pronounced changes are related with Smax. In general, water decreases this 
parameter for all materials (only for blank oxide water vapors slightly increase Smax at 20 and 50% RH). The lowest 
drop of the sensor signal in humid air (e.g. at 80 % RH compared with dry air) was observed for SnO2 doped with 
IVB elements, while the highest one for SnO2-Rh, SnO2 Pt/Rh and SnO2-Pd.
Fig. 4. Signals towards water (20, 50 and 80% RH) in air for SnO2 Ac (a), SnO2-TiO2 (b) and SnO2-Rh (c).
The reason for poor selectivity of the materials doped with noble metals can emerge considering signals towards 
water in air and towards water in 20 ppm H2 in air (cross selectivity tests). It was found that in the case of SnO2
doped with noble metals sensor signals towards water in air (Fig. 4c) and water in 20 ppm H2 in air (not shown) 
manifest very similar values of TSmax compared with the ones towards H2 in dry air (Fig. 2c). On the contrary, for 
blank oxide and SnO2-MetOx the value of TSmax towards water is observed in remarkably lower region than that 
towards 20 ppm H2 in dry air (compare Fig. 4a, b and Fig. 2a, b).
The obtained results support previously brought forward idea that SnO2 surface (even doped with IIIB and IVB 
elements) interact with H2 and water through different surface active species. FTIR and TGA results manifest full 
agreement between materials hydroxylation degree, chemical activity of surface OH groups and sensor signals.
Thus, it seems reasonable to suppose that in the case of H2 interaction the active centres most probably represent 
surface hydroxyls. Water interacts with the surface probably through surface metal atoms, as was suggested in [2].
Doping with IVB elements increases (to some extent) selectivity towards H2 in humid air. The highest signal 
together with the highest selectivity was found for SnO2-TiO2.
In the presence of noble metals SnO2 materials interact with H2O and H2 similarly, which leads to very poor 
selectivity towards H2 in humid air. FTIR and TGA data, as well as temperature of the sensor signals, suggest that
unselective interaction with H2O and H2 occurs through highly reactive surface oxygen.
References
[1] Pavelko RG, Daly H, Hardacre C, Vasiliev AA, Llobet E. Interaction of water, hydrogen and their mixtures with SnO2 based materials: the 
role of surface hydroxyl groups in detection mechanisms. Physical Chemistry Chemical Physics 2010;12:2639.
[2] Robert S. Book Review: The Surface Science of Metal Oxides. By V. E. Henrich and P. A. Cox. Angewandte Chemie International Edition in 
English 1996;35:347.
a b c
114 R.G. Pavelko et al. / Procedia Engineering 5 (2010) 111–114
